The mesothelium is a target of the toxic and carcinogenic effects of certain natural mineral and man-made fibers. Long-term inhalation of a ceramic fiber (RCF-1) results in a high incidence of pleural mesotheliomas in Syrian golden hamsters but not in identically exposed Fischer-344 rats. The present study compared the histopathology of the early pleural response in rats and hamsters instilled with artificial fibers. Groups of Syrian golden hamsters and Fischer-344 rats were instilled with ceramic (RCF-1) or glass (MMVF-10) fibers directly into the pleural space. Each species received approximately equal numbers of long, thin fibers per g body weight. Fiber-induced lesions were compared 7 and 28 days postinstillation. Both hamsters and rats developed qualitatively similar dose-dependent inflammatory lesions that were not fiber-type specific. Both species developed fibrosis in conjunction with inflammation in the visceral pleura, but a striking interspecies difference was noted in the pattern of mesothelial cell response. Hamsters developed greater surface mesothelial cell proliferation and had focal aggregates of mesothelial cells embedded deep within regions of visceral pleural fibrosis. It is hypothesized from the present study that the marked fiber-induced proliferative mesothelial cell response of the hamster visceral pleura may explain the high number of pleural mesotheliomas found in long-term fiber studies in this species.
INTRODUCTION
The carcinogenic properties of certain natural mineral fibers such as asbestos and erionite have resulted in a heightened concern regarding the potential adverse human health effects resulting from the inhalation of man-made fibers (1 5) . Inhaled amphibole asbestos can lead to inflammatory, fibrotic, and neoplastic disease of the lung and/or pleura (5) . The mechanistic relationships between fibers and these various pathobiological outcomes, particularly fibrosis and cancer, have not been completely elucidated for either the lung parenchyma or the pleural tissues (20) .
Rodents, particularly rats, have served as animal models of human mesothelial cancer, developing tumors that share many pathobiological similarities to mesotheliomas in people (4). These tumors can be experimentally induced by inhalation or intracavitary instillation of certain fibrous particulates (2, 3, 7, 8) . Despite many disease similarities, there is controversy regarding the sensitivity of rodent bioassays for assessing the human carcinogenic risk posed by inhaled fibers. Some investigators have questioned the low incidence of pleural mesotheliomas that have arisen in chronic rodent inhalation bioassays, feeling that this route might lead to false negatives for mesotheliomagenic potential (1 8) . To further complicate matters, certain fibers have induced mesotheliomas in high incidence in rodents following direct implantation onto serosal surfaces, but they have not been mesotheliomagenic when chronically inhaled (1 2) .
A high incidence of pleural mesotheliomas occurred in hamsters but not in rats exposed simultaneously by inhalation to a kaolin-based refractory ceramic fiber (RCF-1) (2) . Similar interspecies differences in mesotheliomagenic potential between 229 0192-6233/94$3.00+$0.00 TOXICOLOGIC PATHOLOGY these 2 rodent species have been noted following intratracheal instillation of glass fiber (1 6) . The disparity in the incidence of pleural cancer between hamsters and rats could potentially be explained by (a) interspecies pathobiological differences in the pleural response to fibers, (b) interspecies differences in fiber translocation and subsequent differences in pleural dosimetry, or (c) a combination of the 2 processes. The present study was conducted to compare fiber-induced pleural responses in rats and hamsters following intrapleural fiber instillation. Intrapleural instillation was utilized to bypass potential interspecies differences in pleural delivered dose.
MATERIALS AND METHODS
Fiber Preparations. Two fiber preparations, a kaolin clay-based refractory ceramic fiber (code: RCF-1) ( Fig. 1A ) and a glass fiber (code: MMVF-10) ( Fig.  lB) , were obtained from the Fiber Repository of the Thermal Insulation Manufacturers Association Inc. (Stamford, CT). Both fibers were obtained from the same batches used previously in chronic rodent inhalation studies (2) . The size distribution of both the particles and fibers present in the sample was characterized by scanning electron microscopy according to the method of Moss et al. (1 7) . The bivariate lognormal distribution of fibers is described by 5 parameters (the median length in micrometers, the median diameter in micrometers, the geometric standard deviation for length, the geometric standard deviation for diameter, and the correlation between the log of the length and the log of the diameter). The bivariate lognormal distribution of the nonfibrous particles present with the fibers is also described through estimates of these same five parameters. The RCF-1 fiber distribution was 13.0 pm, 0.97 pm, 2.3, 1.9, and 0.47, respectively, with 4 1% particles having a distribution of 2.8 pm, 1.9 1 pm, 1.8, 1.7, and 0.78, respectively. The glass fiber, MMVF-10, had a fiber distribution described by 19.7 pm, 1.4 pm, 2.4, 1.7, and 0.42, respectively, with 10% particles of distribution having a size distribution 1.3 pm, 0.98 pm, 2.2, 1.9, and 0.98, respectively. Suspensions of both MMVF-10 and RCF-1 were characterized to match the 2 fiber types for equal fiber numbers of long, thin fibers to be instilled. Fresh stock suspensions containing 2 mg fibers/ml phosphate-buffered saline (PBS) were mixed in 60-ml vials by ultrasonic treatment for 15 min on the day of instillation. Three serial dilutions were made from these stock suspensions. By adjusting the instillation volume to the body weights, the rats (1.4 ml) and hamsters (1.0 ml) received approximately equal amounts of an individual fiber suspension per g body weight. Table I shows the distribution of the particles and fibers in the instil-lation suspension, into 3 size intervals by count: thin fibers (defined as length 2 5 pm and diameter 50.50 pm), fibers (defined as lengthldiameter 23), and particle (defined as length/diameter 53).
Animals and Experiinental Design. Eight-wk-old specific pathogen-free male Fischer-344 rats (Charles River Breeding Laboratories, Raleigh, NC) weighing 130-1 50 g and 8-wk-old specific pathogen-free male Syrian golden hamsters (Charles River Breeding Laboratories, Montreal, Canada) weighing 90-1 00 g were used in this study. Animals were group-housed in polystyrene shoebox cages (rats Slcage, hamsters 2-3/cage) on direct-contact cellulose bedding and supplied food (NIH-07 open formula cereal-based diet) and water ad libitum Body weights were recorded weekly and clinical observations were made daily. Animals were randomly assigned to 18 experimental study groups as part of a 3 x 3 x 2 factorial design blocked by species, where one factor was treatment (control, ceramic fiber, glass fiber), a second factor was dose (low, medium, and high; see Table I ), and the third factor was examination time [7 days or 28 days postinstillation (PI)]. Rats and hamsters received the fiber suspensions by transthoracic intrapleural instillation while under isoflurane inhalant anesthesia. Control animals received PBS diluent only. Animals were sacrificed either 7 or 28 days PI. All procedures were in accordance with policies described in the Gtiide for the Care and Use of Laboratory Animals (NIH Publication 86-23).
Necropsy. All animals were euthanatized by exsanguination under deep sodium pentobarbital (intraperitoneal) anesthesia. The chest cavities, including the lungs, were fixed in sitii with a 4% aqueous phosphate-buffered formaldehyde solution for 24 hr followed by 1-6 days in 70% ethanol. All lung lobes, including the left lobe at 3 levels, diaphragm, and right and left parietal pleura at 3 sites, were embedded in paraffin and processed for routine histological and immunohistochemical staining. The mediastinal recess, defined as the triangular pocket formed by the right mediastinal pleura caudal to the heart and the vena caval fold of the right mediastinal pleura that lies between the heart and the diaphragm, and that surrounds the accessory lobe of the right lung, was collected from rats and hamsters, and wet weights were recorded.
Histopatliology. Formalin-fixed tissues were embedded in paraffin and sectioned at 5 pm according to standard methods. In addition to hematoxylin and eosin stains, selected sections were stained for collagen and elastic fibers with Masson's trichrome and von Gieson's methods, respectively. Immunohistochemical staining for cytokeratin utilized the broad-spectrum rabbit polyclonal anti-keratin No. (2-sided). PTI data were analyzed by the distribution-free Kruskal-Wallis analysis of variance. was noted. The granulomatous reaction was most severe in the rats instilled with glass fiber.
RESULTS

Acute
Histopathology. Thoracic inflammation increased in severity with increased dose of instilled particulate. Both hamsters and rats developed a pleocellular inflammatory infiltrate consisting of polymorphonuclear leukocytes (neutrophils and occasional eosinophils), macrophages, lymphocytes, plasma cells, multinucleate giant cells, and admixed fibrin and cellular debris. The inflammatory lesions were focally disseminated over the serosal surfaces of the thoracic structures. The inflammation was qualitatively similar in both species, except that rats had greater numbers of admixed mast cells. Aggregates of giant cells and epithelioid macrophages formed foreign body reactions in regions where long fibers were entrapped, chiefly within the mediastinal structures ( Fig. 3) . Glass fiber (MMVF-10) instillation led to a greater foreign body inflammation in both species than did that of ceramic fibers (RCF-1). The focally disseminated pattern of the inflammatory reaction led to markedly disparate lesion severity between different sites in the same animal.
Cytokeratin immunoreactivity allowed localization of the mesothelial cells ( Fig. 4 ). An intact cytokeratin-positive mesothelial cell layer was present overlying areas of inflammation at 7 days PI (Fig.  4C ). This lesion is believed to represent remesothelialization of previously denuded serosal surfaces. In both species, surface mesothelial cells in these areas of inflammation appeared hyperplastic, with an increased cell number per unit length basement membrane. These reactive mesothelial cells were characterized by a cuboidal shape with enlarged prominent nuclei and abundant cytoplasm relative to normal quiescent flattened lining mesothelial cells ( Fig. 5) . Mitotic figures were occasionally noted in mesothelial cells of fiber-exposed animals. The pattern of visceral pleural mesothelial proliferation differed between rats and hamsters. Hamsters exposed to the higher doses of both fiber types had subsurface aggregates of mesothelial cells scattered within regions of inflamed visceral pleura (Fig.  6) . The subsurface proliferations consisted of flattened to cuboidal cells forming circular aggregates with a glandular appearance. These cells, which exhibited occasional mitotic figures, were judged to be of mesothelial origin by cytokeratin immunoreactivity. Subsurface mesothelial cell proliferations were only found in fiber-exposed hamsters in regions of severe visceral pleural thickening.
In response to the high doses of both fiber types, rats and hamsters developed alveolitis subjacent to the inflamed pleura. Occasional fiber-containing macrophages were noted within these peripheral alveoli. In some instances, fibrin deposition and inflammatory cell aggregations were present below a thickened visceral pleural fibroelastic layer.
Srrbaciite Response 28 Days PI
Mediastinal Weights. In all fiber-exposed groups, with the exception of the low-dose glass-instilled hamsters, mediastinal weights in both species were significantly elevated versus those of controls at 28 days PI (Fig. 2B) . Histological examination of the mediastinum revealed a similar foreign body reaction to that noted at 7 days PI.
Histopathology. The visceral pleura of both species increased in thickness with an increasing dose of instilled fiber (Table 11 ), but the degree of thickening was generally most severe in rats. The thickened regions of visceral pleura varied from loose areolar connective tissue with scattered admixed inflammatory cells (Fig. 8A) to dense collagenous connective tissue with collagen and elastic fiber deposition (Fig. 8B) . Focal thickening of the visceral pleural fibroelastic lamina was present in these regions. Significant diminution of inflammatory cell infiltrate relative to day 7 PI was noted in both species, at all sites examined.
Reactive mesothelial cells lined the serosal surfaces in both species, particularly overlying areas of visceral pleural and diaphragmatic fibrosis. In comparison to the visceral pleural and diaphragmatic surfaces, mediastinal and parietal pleural fibrosis was relatively minimal in both rats and hamsters. Hamsters exposed to the middle and high doses of both fiber types had prominent subsurface proliferations of cytokeratin-positive mesothelial cells in regions of thickened visceral pleura (Fig. 7) . This reaction was not present in any of the fiber-exposed rats, which had similar regions of thickened fibrotic pleura (Fig. 8 ).
DISCUSSION
The histopathologic features of the fiber-induced inflammatory response in these studies are similar to those reported with natural mineral fibers (1 1). A fibrinocellular inflammatory exudate predominated in the early phase of pleural injury that subsequently diminished and was replaced by connective tissue that formed a diffuse pleural fibrosis. The pattern of fiber-induced inflammation and fibrosis was qualitatively and quantitatively similar in both hamsters and rats. In the present study, mediastinal weights were a useful indicator of thoracic inflammation.
It is an exceedingly difficult task to compare study results across fiber types, because each preparation of fiber material contains a unique distribution of dimensional characteristics, and these properties are known to be important in the modulation of pleural responses (1 9) . The present study attempted to match injected numbers of long, thin fibers between the MMVF-10 and RCF-1 preparations, but this led to significant disparity in the amount of nonfibrous particulate (Table I ) and in the injected quantity of short fibers. The high mass dose of the instilled MMVF-10 glass fiber is thought to contribute to the substantial visceral pleural fibrosis in animals exposed to this fiber (Table 11 ). Nonfibrous particulate is known to modulate fiber-induced tissue responses, presumably through effects on particle clearance mechanisms (8) .
Importantly, the present study demonstrates that, although fiber-induced visceral pleural inflammation and fibrosis were qualitatively similar in both hamsters and rats, significant interspecies differences in mesothelial cell proliferation occurred. Although both species had surface mesothelial proliferation, only hamsters had subsurface proliferation of mesothelial cells in regions of visceral pleural thickening. This unusual pattern of mesothelial cell proliferation was noted as early as 7 days PI. Interspecies differences in mesothelial cell proliferation following inflammatory and fiber-induced injury, not previously described, may help to explain differ- ences in mesothelioma incidence noted in rodent bioassays (2, 16) .
Although acute mesothelial injury has been well investigated in rodent models, there is significant uncertainty regarding the mechanisms as well as cell of origin of mesothelioma. There has been interest and speculation regarding the cellular events that take place during mesothelial healing and those that occur during the development of mesothelial carcinogenesis. Experimental pathologists have used observations of mesothelial healing to support theories of tumor histogenesis (4) . Some workers feel that evidence supports the notion that a special mesenchymal "stem cell" exists in the pleura and is the source of new mesothelium during wound healing as well as the target ,of neoplastic transformation. This stem cell has been termed a multipotential subserosal cell (MSC). Some investigators feel that the MSC theory is accurate because it would explain the diversity of histological differentiation seen in mesotheliomas (4, 9) .
A second theory has been proposed that correlates mesothelial cell injury and transformation. This hypothesis speculates that surface mesothelial cells proliferate and are responsible for both the renewal of mesothelium in the wound-healing process as well as in neoplastic transformation (21) . There are considerable data available showing that surface mesothelial cells have the capacity to proliferate in response to a variety of stimuli and that this is a common feature of the early phase of mesothelial healing (22) . The trigger mechanism for this proliferation appears to be mesothelial cell loss as well as growth factors released from inflammatory cells such as macrophages (1 4).
The present study did not examine the histogenesis of the subsurface mesothelial cell aggregations noted in the hamsters, to explain whether or not their presence is due to surface proliferation with subsequent entrapment, or whether or not there is proliferation of MSC during the inflammatory response. The co-localization of these proliferating subsurface aggregates in regions of severe visceral pleural inflammation makes it likely that isolated migrant mesothelial cells and remnants of the surface mesothelium become entrapped within the organizing fibrotic serosa during serosal healing. Subsurface mesothelial cell proliferation is not unique to hamsters, having also been reported in fiber-exposed rats (1 1) and human asbestos-induced pleuritis (1 0).
This study demonstrates that in response to massive fiber-induced serosal injury and wounding Syrian golden hamsters have a more proliferative mesothelial cell response on the visceral pleural surfaces than do Fischer-344 rats. This response in the ham- ster is not associated with a greater fiber-induced pleural inflammation or fibrosis in this species. This observation is in agreement with the conclusion of an earlier study reporting that, in the hamster, fiberinduced pleural thickening did not correlate with mesothelial oncogenic outcome (1). These results suggest that pathologists need to assess mesothelial cell proliferation as an entity separate from pleural inflammation and fibrosis and underscore the need to assess mesothelial cell reactions in bioassays of particulates. Correlations among chronic inflammation, fibrosis, and mesothelial cell proliferative responses need to be evaluated so that strategies can be employed to assess risk to the pleural tissues following fibrous particulate exposure. Patterns of mesothelial cell proliferation need to be studied in long-term exposures before conclusions can be reached regarding the significance of subsurface mesothelial proliferations to fiber-induced oncogenesis.
